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ABSTRACT

Four instrument-rated pilots were trained and tested with a series
of different tracking displays and controlled element dynamics to
validate some anomalous previous experiments and to provide a sounder
data base for a theory of manual control displays.

Quasi-random (sum of 9 sinusoids) inputs were used. Compensatory
(C) and pursuit (P) display modes were investigated along with a hybrid
"pursuit-plus-disturbance" (P+D) display mode. For P+D the command
input was displayed conventionally, while a separate, uncorrelated dis-
turbance input was applied to the controlled element.

Rate control (K/s) and acceleration control (K/s2) dynamics were
investigated. Measurements presented include: error performance TET
remnant content, control activity jc|, open- and closed-loop describing
functions (error/input, output/error, and output/command), and subjective
assessments of task difficulty. Data from the lengthy training sessions
and. two main-experiment sessions are presented separately. Analyses of
variance were performed on the error and control scores, and on the magni-
tude and phase of the error/ input describing function at each frequency.

The training data shows that all pilots learned quickly to perform
about equally well with all displays when controlling rate dynamics.
With acceleration dynamics they took much longer to learn and the results
showed more variability. In the main experiment, the error performance
was not sensitive to display mode, while the describing function data
showed that differences in the pilot's behavior did occur, with opposing
effects leading to the constant net error. The independent disturbance
input proved that a compensabory loop closure does exist during pursuit
tracking and that its closure parameters may be different from the purely
compensatory display case.

No attempts were made to mathematically model these data, pending
completion of other experiments with varying input predictability.
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SECTION I

INTRODUCTION

This research covers the first portion of an experimental program

aimed at providing some of the missing gaps in the data base required

for a systems analysis theory of manual control displays (Refs. 1 and 2).

There are several practical reasons for obtaining a better quantitative

understanding of the humanAoperator's behavior in pursuit situations.

These include the following:

In tasks where the external reference is present
(e.g., VFR approach and landing), a pursuit model
may be an appropriate representation for the
human's operation.

For director (as opposed to null steering) displays
in IFR operations, the type of behavior desired and
the appropriate pilot model correspond to those of
the pursuit situation.

As hypothesized by the Successive Organization of
Perception (SOP) sequence (Ref. 3), a pursuit mode

of response by the operator is an interim phase in

the development of exceptional skill. In this

hypothesis, pursuit behavior will occur both in

the progression toward higher skills and in the
regression to lower levels (compensatory) under .
stress.

In different past investigations, pursuit and
compensatory displays have both shown superior
performance with different controlled elements
and inpubts. A quantitatively validated and effi-
cient model is required which will explain these
results and reliably predict display performance
in new situations and for synthesis of improved
displays.

The objectives of the pursuit tracking experiment reported herein

were to:

Prove out the new equipment, experimental
techniques and procedures, and train several
instrument-rated pilot subjects for use in
subsequent control display research.




® Tie in the present ‘conditions and results with
past pursuit tracking results, and validate
suspected anomalies in past data (based on only
one subject) by using several.pilot subjects.

® Explore the influence of an independent disturbance
input, and use it to meke direct measurements of
the compensatory loop of a pursuit tracking situation.

In the light of the above purposes, this first group of experiments
has been termed the "pursuit-validation" series. A second series of
experiments is planned with the aim of understanding how the pilot inter-
préts the displayed input command. Consequently, no formal mathematical
modeling or data fitting has been attempted herein.

This report is arranged as follows: Section II discusses the basic
compensatory and pursult display utilization concepts under investigation
and reviews some key past experiments, Section III describes the experi-
mental setup and procedures, Section IV presents and discusses the experi-
mental data and results, and Section V includes the conclusions and
recommendations. Three Appendices contain details of the procedures

and data analysis.



SECTION II
BACKGROUND

A. DISPIAY UTILIZATION CONCEPTS
1. Display Modes

The three types of display situations to be investigated here are
defined in Figure 1. With a compensatory display, only the system
error, e, is available as a stimulus for operator control action, c,
whereas with a pursuit display the commend input, i, and the motion
output, m, are separately displayed. However, presentation of both
i and m signals does not necessarily imply that the pilot acts on
both of them independently. TFor instance, with a pursuit display
the operator may act only on the perceived error between i and m,
thereby behaving in a compensatory menner. Thus we draw an important
distinction between a pursuit display situation and the adoption of
pursuit behavicr by the pilot. Without resort to a preconceived mathe-
matical model, pursuit behavior can be generally defined as the pilot's
utilization of more than just the perceived error between the displayed
input and output signals, and in particular, his operations in predicting

and ubilizing the input.

A display continuum between compensatory and pursuit modes can be
functionally represented as shown in Fig. 1c. The disturbance output
d(t) is only displayed through the total output signal m'(t), whereas
the commaend input i(t) is independently displayed to the pilot.

If the command input is zero or constant, then it appears as part
of the display null reference. The display then becomes compensatory
because the pilot can only see the total output m'(t) which is the sum
of the vehicle's response to the disturbance input and the controlled
element's response to his control action. Conversely, when the dis-
turbance is zero, i(t) and m(t) are displayed independently of each
other giving a pure pursuit display. The continuum between compensatory

and pursuit displays results from mixing both command and disturbance

<
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inputs in various proportions. This situation is hereafter referred

to as the pursuit-plus-disturbance display mode.

In practice the pursuit-plus-disturbance display of Fig. lc is more
common than the pure-pursuit situation of Fig. 1.b. For. example, with a
flight director steering display, atmospheric disturbances will affect
aircraft path motions, which would be displayed to the pilot via the
output symbol, independently of the required steering trajectory or

command input.

The commend and disturbance input scheme is important experimentally
as an aid to measuring and modeling the human operator. If the two
inputs are statistically independent, then two independent describing
functions can be computed for the human operator's response to i and d
inputs, or some combination thereof. Given a pursuit display plus his
perceptual processes, the pilot potemtially has three or four quantities
available on which to operate, i.e., i and m (displayed), and e (perceived),
and possibly ¢ (proprioceptively sensed). It is not possible to uniquely
define four describing functions unless four independent inputs and out-
puts, each measurable by the experimenter, are available. gSince perceived
e and ¢ gignals are not available for measurement, only two describing
functions can be uniquely separated. (Further discussion of this point

is given in Ref. 8.).

In the past, only one input was used in pursuit display investigations,
so the pilot operations on i, m, or e had to be inferred. Because of its
practical relevance, usefulness in measurement ,’ and lack of previous
experiments of this type, the pursult-plus-disturbance display mode was

one of the key situations investigated here.
2. Pilot Behavior

Pursuit behavior differs from compensatory behavior when the pilot
makes some use of the additional information provided by the pursuit
display over that provided by the compensatory display. Table I presents
the possible combinations of input, disturbance, display mode, and type
of pilot behavior. Depending on the relative size of the command versus

disturbance inputs, it is possible for an actual pursuit display situation
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to elicit either pursuit or compensatory pilot behavior, as noted
previously. In addition, it is possible for the pilot to exhibit
either pursuit or compensatory behavior for meny of the conditions
listed in Table I. Thus there are four possibilities —+two kinds of
behavior for both compensatory and pursuit displays. Actually, bye
considering only random-appearing inputs, we have eliminated pursuit
behavior for compensatory displsays. A brief discussion of the status
of knowledge about behavior for the various combinations in Table I

is given below.

a. Compensatory task and compensatory behavior (od present
with gi = 0). The compensatory display situation has
Deen extensively studied and analyzed (Refs. 4 and 6)
for small and large og. For Ye = Kc/(s—-k), Ref. T
studied the effects on the pilot's describing function
as og — 0 and found that the pilot's describing func-
tion is essentially unchanged down to very small values
of gg- This was used to infer Yp in the unmeasurable
condition og = O.

b. Pure Pursuit task and either pursuit or compensatory
behavior (g present with o3 = 0). The pursuit situa-
tion received some attention in Ref. 4 and was exten-
sively studied in Ref. 8. It was found that the pro-
vision of a pursuit display does not always result in
distinct pursuit behavior. Reference 8 contains a pro-
cedure for detecting the presence of pursuit behavior,
and also implying some of the properties of the pilot'e
behavior although direct measurement of the pilot's
describing functions was not possible.

¢c. Perceptually Pure Pursuit (oi large, og small). With
this configuration we can measure all of the pilot's
descéribing functions. However, the inclusion of the
disturbance input, d, in the pursuit behavior situation
changes the pilot's task and may also change his des-
eribing functions. It should be possible to find a og
small enough not to affect the pilot's behavior, yet
large enough to enable independent measurements to be
taken. An experiment of this type was performed here.

d. Pursuit Plus Disturbance (ogi and gg of same order).
“  These experiments have not been performed, so no asser-
"tions of pilot behavior are possible as yetb.
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B. IMPLICATIONS OF PREVIOUS EXPERIMENTS

Considerable experimental work has been done on the compensatory
versus pursuit display question. The more pertinent studies have been
reviewed by Wasicko, et al., in Ref. 8. Several interesting conclusions
can be drawn by distilling the performance data from these studies
(as summarized in Table I of Ref. 8 ) into the form shown in Table II.
The "best" performing display, from the standpoint of minimum tracking
error score, is shown versus controlled element dynamics for both
"predictable” and "unpredictable" command inputs.* The conclusions

drawn from Table II are:

. The great majority of past investigators used pure-
gain dynamics (Ye = K) for their comparisons.

® With pure-gain dynamics, a pursuit display always
gave equal or superior performance to a compensatory
display.

e The two experiments for other dynamics (Refs. 9, 10)
show anomalous results in that the compensatory display
was sometimes superior to the pursuit case with no con-
sistent trend as a function of controlled element
difficulty.

¢ There are only two experiments with describing function
measurements.

® Only one investigation gives performance and describing
function data for more than one controlled element, and
this was all on one human operator subject.

Thus, it was felt necessary to recheck, with more subjects, the anomalous

cases uncovered in past data. Also, because different learning rates

*Ags used here, somewhat arbitrarily: "Predictable" means having low,
or narrowband, frequency content and sharp cutoff characteristics, with
no power near the normal crossover frequency range of 0.5 to 1.0 Hz (e.g.,
single sinusoids of < 1.0 Hz and sums of 2 to 3 sinusoids of frequency
< 0.5 Hz); "Unpredictable" means having a high bandwidth, and with per-
ceivable power near the crossover region (e.g., sums of 4 or more sinusoids,
filtered noise, ete.).
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could have led to some of the past inconsistencies, each subject should

receive thorough training and monitoring.

Close examination of the performance and describing funetion plots
preseated by Wasicko, et al., in Ref. 8 reveals an important complica-
tion in comparing puruit and compensatory displays. The tracking error
is composed of a "coherent" portion due to errors in tracking the command
and a "remnant" portion, which results from random variations introduced
by the operator. It is possible that a pursuit display may permit reduc-
tion of one component at the expense of the other, yielding no net improve-
ment. This was actually the case in Ref. 8 for K/s2 dynamics and an input
bandwidth of wy = 2.5 rad/sec s where the pursuit display yielded lower
coherent error but larger remnant error for a net near-equality of

performance.

Describing functions are a more sensitive indicator of the pilot's
behavior than error scores. If the variation of the describing function
and remnant parameters with the pursuit task variables can be established,

then the performance anomalies could be explained and predicted.

The describing function between system output and system error,
Yp(iw) = M(jw)/E(jw), was used in Ref. 8 to measure the dynemic effects
of compensatory versus pursuit display presentation. For the compensa-
tory display Yg is equal to the open-loop describing function, while for
the pursuit display it represents an equivalent system open-loop describing
function. A summary of qualitative trends in YB from Ref. 8 and pertinent to

the present study is given below:

Yo = Kq The pursuit display induced greater low-
and mid-frequency gain, which agrees with
the increased control activity for pursuit cases also
observed in the data. The pursult display yielded less
mid-frequency phase lag. . .

Yo = Kc/ s Iess low frequency phase and lower
mid-frequency gain resulted from
pursuit display.

Y, = Kc/ s2 The pursuit display yielded less
phase lag in the low- and mid-

frequency ranges. In addition, the mid- and high-

frequency gains were less for the pursuit display.

10



The above study by Wasicko, et al., included a wide range of
experimental conditions but was limited in that only one subject
wags used and pursuit-plus-disturbance inputs were not employed. An
atbempt was made at fitting a particular pursuit model (the "implied
pursuit" model, which assumes that the compensatory operations are
identical in both display modes). However the resulting estimates of
the pursuit operation describing function were highly variable with a
form more complex than a simple inversion of the controlled element, as
predicfed by the theory therein. In light of the above discussion,
emphasis here was placed on thoroughly investigating K/s and K/s2
dynamics and on exploring the use of a small, separate disturbance
input to validate the adoption of compensatory behavior by the pilot
during pursuit display situations.

11



SECTION III
EXFERIMENTAL SETUP AND FROCEDURES

A. EXPERIMENTAL DESIGN

In order to best achieve the objectives set down for this study,
careful attention was paid to the design of the experiment and the
procedures used in conducting it. To obtain as much information as

possible, the experiment was organized into s "training” phase and a

"main experiment' phase.

The variables of interest in the training phase are listed in
Table III. The objectives of the training phase were (1) to train
the subjects to asymptotic levels of performance and response behavior,
(2) to determine the effect of display mode on skill acquisition, and

(3) to determine the effect of training on response behavior (describing
function measurements).

TABLE III

TRATNING PHASE VARIABLES

- A. Subjects: k
B. Display Mode:

1. Compensatory
2. Pursuit

C. Controlled Element
1. Y, = K/s
2. Yo = K/s?
D. Order of Presentation of Display Mode:

1. Compensatory —» Pursuit

2. Pursuit —= Compensatory

12



The design of the training phase experiment is shown in Table IV.

The design was set up so that a subject would use the same display

exclusively in session one and the first part of session two, and

then switch to the alternate display for the remainder of session

two.

In this manner some information could be gained on the degree

of learning obtained with a particular display, and the amount of

transfer of learning achieved when switching to the alternate dis-

play. The final training sessions were designed to equalize the

subjects' skill on both displays..

More-practice runs were devoted to the K/32 controlled element

because of its difficulby and because experience has shown that longer

periods of practice are required to reach asymptotic behavior with
these dynamicse.

TABLE TV

EXPERIMENTAT, DESIGN FOR TRAINING SESSIONS

ORDER OF PRESENTATION

Session

1 2 3 and 4

Subjects Di spiay Comp . Comp Purs. Purs.|Comp. Pur; .| Comp.
! ang 2 Dynamics K/s K/SZHK/S K/s2|x/s|K/s%| K/s | K/s |K/s° |K/s2

No. of Trials| 6 | 9 313 619 3 3 6 6
. Display Purs. Purs. Comp - Comp.|Purs.|Comp.|Purs.
i::izczs Dynamics /s |k/s2|K/s (k/s2|K/5 |K/s2| K/5 | K/s {K/s° |K/s2

No. of Trials| 6 1 9 313 619 3 3 6 6

The design of the main experiment is shown in Fig. 2. Disturbance

inputs were added to the display variable and the experiment was dupli-

cated on each of two days in order to account for any further learning

effects.

S0 as to simplify applying analysis of variance techniques to

the daﬁa, the experiment was organized as a complete factorial design.

13




Type of Display: —
4 Ss 4Ss
Compensatory , C
3 runs 3 runs
Pure Pursuit, P | ¥ 5° 438
3 runs 3 runs
Pursuit - plus- P+D 4 Ss 4 Ss
Disturbance, 3 runs 3 runs
| K | K
S g2
Controlled Element_:
Figure 2. Design of the Main Experiment
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B. EXPERIMENTAL SETUP

A photograph of the tracking setup is giééﬁ in Fig. 3. Block diagrams
of the experimental display configurations are illustrated in Fig. 4, along
with the display presentations as they appeared on the CRT. The compensa-
tory and pure pursuit configurations were used during training, and the

pursuit-plus-disturbance configuration was added for the main éxperiment.

Input command (i) and disturbance (d) signals were composed of nine
sine waves. The command and disturbance spectra are shown in Fig. 5, and
the frequencies of the various waves are given in Table V. TFollowing the
code used by Elkind, Ref. 4, and McRuer, et al., Ref. 17, this input is
designated -as B6-3.2-1cm (—20 4B shelf; 3.2 rad/sec dominant input

"bandwidth;" 1 cm rms level).

TABIE V

INPUT FREQUENCIES

SINE ' £5 HARMONICS n FOR
WAVE o; (RAD/SEC) (Bz) 100 SEC
COMPONENT af; | 3f; TRIAL
1 0.3142 0.05 0.10] 0.15 5

2 0.5027% . 0.08 0.16 | 0.2k 8

3 0.7540 0.12 0.24 | 0.36 12

L 1.1938% 0.19 0.38 | 0.57 19

5 1.9478 0.31 0.62} 0.93 31

6 3 . 20kk4% 0.51 1.02| 153 51

T 5.1522% 0.82 1.64| 2.46 82

8 8.2310 1.31 2.6213.93 131

L9 131319 2.09 L.,18] 6.27 209

*Describing functions measured on-line.

As shown in Fig. 5, two components were removed from thé command input
to form the disturbance input during the pursuit plus disturbance tests.
The low frequency disturbance component was chosen to more thoroughly exa-
mine the describing function differences between displays in this region pre-
viously observed by Wasicko, et al., (Ref. 8). The high frequency component

was selected to lie close to the unity gain crossover region.
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DISPLAY CONFIGURATIONS
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The rms deflection of the total input forcing function (i.e., 9 sine
wave components) was 1.0 cm (0.39 in.). For the pursuit plus disturbance
case the command input rms deflection was 0.83 cm (0.33 in.) and the
disturbance input rms deflection was O.lt1 cm (0.16 in.). The viewing
distance of the display was about 65 cm, giving an‘equivalent rms visual

angle for the forcing function of approximately 1.0 deg.

The side stick controller was spring restrained and had minimal
friction, viscous demping, and inertia.* The stick was most easily
operated with the fingers although the subjects were not constrained
to this mode of operation. The distance from the center of rotation
to the reference grip position was gbout 14 cm (5.5 in.), and the rather

stiff force gradient at this poimt was 10 Newtons per cm (5.71 lb/in.).
€. MEASUREMENTS

Data were measured on-line during the experiment and collected at
the end of each run. Average absolute error scores and average absolute
control action scores were obtained as performance measures. The error
scores were normalized by dividing them by the relevént mean absolute
input. Data required to compute the error-to-input describing function
were obtained at the four frequencies indicated in Fig. 5 and Table V.
The lowest and highest measurement frequencies also formed the disturbance
input for the pﬁrsuit plus disturbance display condition. The details of
describing function measurements and computations are given in Appendix A.
Also outlined there is the interpolation scheme devised to calculate the
portions of the error linearly correlated and uncorrelated with the

input.
D. EXPERIMENTAL PROCEDURE
1 . Training

The pilots were given one minute of practice prior to the first data
run in order to familiarize them with the equipment and task. The data
runs then followed the design shown previously in Fig. 2. Another

brief practice trial preceded the first trial with K/32 controlled

#Stick natural frequency = 17 Hz (107 rad/sec); damping ratio = 0.25.
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element dynamics. The trials lasted 120 sec, and the performance and
dynamic response scores were measured over the last 100 sec. A two
minute rest waé given between each block of three trials and a 5 to 10
minute rest was given between changes in controlled element for Days 1,

3, and 4 and between display modes on Day 2.

The pilots were told that the task was highly idealized, but that
it resembled terrain following or an instrumeﬁt landing approach task
in the pitch axis. The K/s controlled element was likened to a "good"
(handling) aircraft and the K/s2 case to an aircraft with sluggish
handling qualities. The only performance criterion stated to the
subjects was to "follow the input as closely as possible, i.e., track
with minimum error." In order to motivate the subjects they were
informed of their error scores as the training progressed, and also were

told of the performance levels achieved in previous sessions.
2+ Main Experiment

A one minute warmup run was glven prior to data runs, and another
warmup run was given preceding the K/s2 trial sequence. Run length
and scoring periods were the same as for the training. The K/s con-
trolled element was always presented first in each session, and the
K/é2 conditions followed a ten minute rest period. The three display
modes were presented in partially counterbalanced orderings among the
four subjects and two days in order to minimize intrasession learning

or fatigue effects.
E. PILOT SUBJECTS

The subjects were all instrument-rated pilots. Statistics on each
of the pilots are given in Table VI. Three of the pilots were
instructors and flew on a regular basis. The fourth pilot flew

mainly on weekends.

The pilots were briefed on the overall display research program
under which this study was conducted, and seemed highly motivated in

developing the tracking skills required for this experiment.
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TABLE VI -

PITOT SUBJECT STATISTICS

PIIOT

AGE

AFRONAUTICAL
RATTNGS

TOTAL FLIGHT
HOURS

INSTRUMENT
HOURS

22

Commercial;
Instructor;
Instrument

2,200

110

2k

Instructor;
Multi-engine;
Instrument

1,100

60

25

VFR Charter;
Instructor;
Multi-engine;
Instrument

1,800

209

28

Commercial;
Multi-engine;
Instrument

260

571
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SECTION IV
RESULTS AND DISCUSSION

A. TRAINING

Typical time histories for runs with compensatory and pursuit displays
and. K/s2 dynamics are shown in Fig. 6 . Notice that the control action
for the compensatory display is larger, more bang-bang, and more rapid
than for the pursuiﬁ display.

Error and control scores versus training trials are shown in
Figs. T and 8 for each subject. Both the error and control scores indi-
cate that Subjects 1, 3, and 4 reached fairly asymptotic performance levels
for all conditions. Subject 2 had some difficulty with K/32 dynémics,
although his scores for the K/é dynamics were comparable to the others.

Both Subjects 3 and 4 (Fig. Tc and d) received the pursuit display
mode during their first training session, and both achieved stable per-
formance levels during the first session and consistent, asymptotic per-
formance by the third session. These results suggest that tracking skill
is achieved quicker when the subject can see the results of his controller
actions independently of the forcing function as allowed by the pursuit
display mode. This theory is only tentatively advanced, however, because

of the small subject population involved in the training trials.

Aside from effects on learning, the performance differences between
compensatory and pursuit display tracking were generally small and incon-
sistent among subjects. The one outstanding difference occurred in K/s2
control scores (TET). For final performance levels the K/s2 control scores
achieved with the compensatory display mode are L0 percent greater than the

~ scores incurred in the pursuit mode; see Fig. 8, open tagged symbols.

The only training effect on describing function measurements occurred
with the compensatory display mode and K/s2 dynamics. An example of this
effect is illustrated in Fig. 9 with the E/I describing function. The ampli-

tude data show that low-frequency error performance improves with training,
while the peaking at high frequencies increases. These effects reflect higher

gains and lower stability margins permitted by greater pilot consistency.
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B. MAIN EXPERIMENT
1. Performence Measurements

The mean values of the normalized average absolute error scores and
integrated control action scores for each cell in the main experiment
(3 observations per cell) are plotted in Fig. 10. The K/s data (especially
the intrasubject rankings)'appear quite consistent, with the exception of
Subject 1 who shows an improvement in error score between Day 1 and Day 2.
The scores for K/32 dynamics are less consistent, and there still is some
evidence of learning in Subjects 1 and-B. An interesting feature of the
conbrol scores is that, with one exception, TZT varies less among subjects,
days, and even dynamics than the error scores! The exception is for the
K'/s2 compensatory display case, where the increased TZT is due to the
more bang-bang control action noted previously in connection with the
training runs (see Fig. 6 ). No good reason was found for the unusual
constancy of T;T in this experiment. The equality between K/s and K/52
dynamics results from subjectively optimizing the controlled element gain
before the training runs, so it may be somewhat fortuitous. Neither the
control movement nor the scoring integrator was saburated (witness the
higher compensatory K/s2 scores), and the control force levels were not
excessive. It is tempting to suggest an innate "comfortable" control
work rate (power A EE~ '0_2) but nothing in the pilot commentary was

found to support this hypothesis.

Mean values for total error, the input-correlated and uncorrelated
error components, and integrated comtrol activity are plotted in Fig. 11.
The interpolation scheme for computing correlated error is described in
Appendix A. The data were averaged over the four subjects and the two

sessions in which the main experiment was conducted.

Analysis of variance techniques (ANOV) were used to analyze the &%,
e%, eﬁ, and TET scores. The details of these analyses are given in
Appendix B, and the assertions made here are based on the significant
results. The residual variance shown in Fig. 11 was obtained from the
ANOV .
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As noted by the dashed lines the performance achieved in this experiment
with K/s dynamics is somewhat better than that reported in Ref. 8. Further-
more, in the present study the pursuit display yielded about a 12 percent
improvement (reduction) in error over the compensatory display, while Ref. 8
showed negligible differences or deteriorated performance with the pursuit
display. However, these latter differences are within the variations to
be expected among pilots versus nonpilots and for somewhat different controls.
and displays. Finally, the correlated error has the same trend between
displays as the total error indicating that display format has little effect

on remnant for K/s dynamics.

The performance obtained with K/%a dynamics is quite comparable between
this study and Ref. 8 as shown in Fig. 11. It is interesting to note that
comparing P versus C, the uncorrelated error for K/32 dynamics is lower for
P while the correlated error is higher for P, the net result showing little
difference in total error performance between the two display configura-
tions. It is also noted that the uncorrelated error associated with
the pursuit-plus-disturbance display was equal to that obtained with,the
compensatory display. Although the subjects claimed that the disturbance
input was barely perceptible, it may have significantly affected the

remnant portion of their output.
2. Describing Function Measurements

a. Compensatory Versus Pure Pursult Displey. Describing function

data averaged over trials, subjects, and sessions are presented in

Figs. 12 and 13. Both the measured error/input (E/I) and equivalent
open-loop (M/E==YB) plots are given. The equivalent open-loop describing
function data were computed from the measured average E/I data, as dis-
cussed in Appendix A. The details and results of analysis of variance

of the E/I data are given in.Appendix B. Describing functions for each
subject are presented in Appendix C. In general, all subjects' data look

similar and the mean data are truly representative of their typical behavior.

The describing function data for K/s dynamics in Fig. 12 show little

difference in behavior between the pursuit. and compensatory display modes
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except for the low-frequency phase data. The compensatory display data
exhibit the low frequency phase droop ("a-effect") typical of other human
operator response measurements (Ref. 17). There appears to be negligible
phase droop in the pursuit display data, however. Similar results are
shown in Ref. 8 . "The low frequency phase droop characteriétic in human
operator describing functions has been measured and modeled quite exten-
sively by McRuer, et al., (Ref. 6 ). More recently Elkind (Ref. 18) has
shown that to some extent low frequency phase measurements can be biased
by human operator induced remnant. The effect display format has on

low frequeney phase shifts is thus difficult to determine ak this

time.

The describing function data for K/s2 dynamics given in Fig. 15 shows
significant effects due to display mode. Greater low frequency error is
incurred with the pursuit display. This is consistent with the performance
measure results in which the correlated error was greater for the pursuit
displey. The corresponding equivalent open-loop describing functions
show greatly attenuated gain and greatly reduced phase lags at low fre-
guencies for the pursuit display. The ANOV in Appendix B shows these
effects to be statistically significant at the two lowest measurementt

frequencies. The underlying pilot strategy is discussed later (p. 41).

b. Pursuit-Plus-Disturbance Inputs. The describing function

measurements made during the pursuit-plus-disturbance tests are indi-
cated by tagged symbols in Figs. 14 and 15. The measurements made aﬁ
the mid-range pursuit freguencies generally correspond to the measure-
ments obtained in the pure pursuit case. This indicates that pursuit

behavior was not noticeably affected by the disturbance input and agrees

with the subjects' subjective impression that the disturbance was barely

perceptible.

The describing function measurement at the high disturbance frequency
allows us to directly measure the crossover frequency obtained in closed
loop'operation on tracking error while using the pursuit display. The dis-
turbance data in Figs. 14 and 15 show a regression in the error loop cross-
over frequency during pursuit tracking. The statistical significance of this

result is discussed in Appendix B. Crossover frequency, phase margin,
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and effective time delay at crossover is compared‘in Table VII for
each of the display configurations and controlled element dynamics.
Data derived from Ref. 8 are included in Table VII for comparison.*
These data show that with a pursuit display the crossover frequency
of the equivalent open-loop dynamics (M/E = Yﬁ) regresses about 20
to 25 percent from the level achieved with a compensatory display.

In Ref. 8 "implicit-pursuit model" describing functions were
calculated, assuming that error response measured with a pure compen-
satory display could be applied to the error response portion of the
pursuit model. The disturbance data shown here prove conclusively
(for the first time) that an error control loop similar to the pure
compensatory case does exist in pursuit tracking, but that it may be

appreciably different in its parameters.

c. Closed-Ioop Describing Functions. The closed-loop describing
function gives the dynamic relationship between the system output, m,
and the system foreing function, i. These two quantities are indepen-
dently displayed to the operator by the pursuit display so that simple
operations on elther signal by the human operator should be revealed
by the closed-loop describing functions, M/I.

The closed-loop describing functions, obtained from the E/I measure-
ments as detailed in Appendix A, are given in Fig. 16. The K/ s data
show little difference between compensatory and pursuit displays. How-
ever, in the K/32 data the pursuit mode output is consistently attenuated
(by nearly a factor of two) and lags the input at the dominant input
frequencies by about 10 deg more than the coinpensatory mode. The
closed-loop describing functions based on data given by Wasicko, et al.,
were computed for comparison purposes and are shown in Pig. 17. For both

the K/ s and K/ s2 dynamics the trends shown by the previous experiments

*The crossover frequencies and phase margins were approximated from
hand faired curves passed through the data. The effective crossover
time delays were calculated by assuming a crossover model and attributing
all residual phase lag greater than 90 degrees to the equivalent time delay.
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are similar to those mentioned above for our data. For completeness
closed-loop describing functions for Wasicko's pure-gain controlled
element (Yo = Kc) data were also computed and are compared with Elkind's

Yo = Ko data for a comparable input spectrum (Ref. L) in Fig. 18.

An overall comparison of the plots presented in Figs. 165 17, and 18

reveals the following observations:

Y, = K, Tracking with the pursuit display gives
less closed-loop phase lag than tracking

with a compensatory displey. Elkind's data shows greater
phase lag reduction for the pursuit display than does the
data of Wasicko, et al. This may be due to the control
device used in his experiments; a light weight, finger
manipulated stylus. Wasicko, et al., employed a spring-
restrained sidestick operated by wrist rotation which
would introduce significant arm neuromuscular dynamics
into the loop.
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Yo = Kc/s No consistent differences in.closed-loop
response are apparent between the compen-

satory and pursuit displays. Our data does show greater
phase lag and less amplitude peaking for the high frequency
disturbance input, however. As suggested previously for
the open-loop describing functions, this result could mean
that the error tracking loop operates with lower bandwidth
during pursuit tracking than it does during compensatory
tracking.

Y, = Kc/52 Tracking with the pursuit display gives
a large and uniform (-6 to -8 dB) attenua-

tion at all frequencies and greater phase lag (by about
10 deg at the lowest three measurement frequencies) than
for the compensatory display. The Wasicko, et al, data show
the same trends but with lesser increments. The manipulator
used herein was operated with the fingertips, in a fore and aft
direction, as opposed to the wrist rotation required by Wasicko's
manipulator, so that neuromuscular effects might account for the
different gain and phase increments observed in the two experiments.

During the experiment the subjects remarked that to avoid overshooting
during pursuit tracking, they attempﬁed to keep the follower (i.e., the
symbol representing the system output m) between the input and the Fixed
reference line. This strategy would account for the constant attenuation
shown for the Kc/s2 data X No simple explanation has yet been found for
the observed phase differences. . )

- Analytical modeling and curve fitting of the pursuit data was
deferred in anticipation of further experimental investigation of
input predictability from this program and analytical resulbts from

an associlated program.
3. Pllot Questionnaire,

At the end of the experiment the pilots were asked to fill out a
questionnaire dealing with their subjective impressions of the various
experimental tasks. The questions and pilots' replies are given in
Table VIII.

Also shown in Table VIITI is the implication which would be drawn

from the actual scores shown in Fig. 11.

*Eppler (Ref. 19) has obtained similar results for Y. = K. dynamics.
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The pilots were not familiar with rating scales, so only simple
comparisons were asked for between the compensatory and pursuit display
modes. There are obviously various possible meanings for the terms
used in these questions. However, the questions were framed in the
terms used by the pilots themselves during the experiments in order

to formalize their candid remarks as simply as possible.

The consensus was not unanimous for any question but the following

trends were indicated (C = compensatory display; P = pursuit display):

K/a C was easier to use, but P gave subjectively
less error. Opinion was mixed on which dis-

play required closer attention, and whether the added
information in the pursuit display was helpful. The
disturbance input was only slightly noticeable, mainly
because the low-fregquency component that dominated
od, was greatly suppressed by the time it appeared as a
closed-loop error component.

K/32 P was easier to use than C and, subjectively,
gave less error than C, but also required
closer attention. The presence of the disturbance was
barely noticeable.

As an overall impression, three of the four pilots preferred the

pursuit display.

Correlation of various objective measures (and the superiority of
P versus C implied by them) with the subjective evaluations reveals
reasonable agreement, wherever relevant measures are available. TFor
example the significantly lower control activity noted in the data for
the K/s2 with pursuit display is reflected in the pilot's "easier-to-
use" evaluation. However the strong consensus that C is easier to use
with K/s dynamics is not supported by the TET scores, and so there may
be more to this term subjectively than just control activity. Error
evaluations are certainly related to total error (e*) scores, yet the
P = C result for K/s2 dynamics seems to conflict with the subjective
consensus. However, closer inspection of the individual ratings and
scores shown previously in Fig. 10 reveals that only one pilot is in

conflict on an individuael basis, as shown below for the K/s? case:
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PITOT NUMBER 1 2 3 4  AVERAGE

Least e¥, subjectively P C P P P
Lower e*, measured (Fig.10) ¢ ¢ P P P=C

If the addition of the separately visible command input in the pursuit
case was considered helpful, this could be reflected in a lower remnant
component. The data on ef bear out the subjectively split opinion for the

K/s dynamics and agreed on the helpfulness of P with K/s2 dynemics.

No objective correlate for attentional demand was found for this single
axis, continuously fixated task. Gross neurcmuscular tension level is
suspected as an attentional stress indicator, but it was not measured.

The effective neuromuscular time delay, T, is related to muscle tension
level (Ref. 20), but the values for Te shown in Table VII were only
evaluated at crossover frequency and showed insufficient variation %o

yield sensitive indications.

Finally, the overall preference for the pursuit display 1s obviously
a compound evaluation based on all of the foregoing factors, weighted in
some unknown manner. No attempt was made to seek a cost function of
weighted scores and parameters which would correlate with the overall
display ratings, because these results only scratch the surface of the
problem. The fairly good consistency among these four pilots gives
encouragement for more subjective/bbjective comparisons of this type,
to seek betber questions, find more relevant objective measures, and

to confirm their correlation with subjective impressions.
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

In general, the validation data obtained in this investigation correlates
well with previous results (e.g., from Wasicko, et al, Ref. 8), thus cor-
roborating most of the "anomalous" results found therein. The major

conclusions drawn from the present study and past research are as follows:

1. The four instrument rated pilot/subjects showed
good consistency in their asymptotically learned
behavior, as measured by the performance measure
and describing function results.

2. The pilots quickly achieved stationary performance
levels with K/s dynamics and their _total error
scores (e¥*) and control activity (|c|) were similar.
The pilots had greater difficulty with the K/s2
dynamics, however. They required considerable
practice to achieve stationary performance levels
and individual data differed more than for the K/s

dynamics.

5. The total error scores did not show any significant
difference between compensatory (C) and pursuit (P)
displays. However, for K/s2 dynamics the control
activity was significantly higher for the compen-
satory display. The results indicate that total
error scores are not a sensitive measure of pursuit
behavior.

L. The describing function measures clearly differen-
tiated between pursuit and compensatory behavior.
For the equivalent open-loop describing function
|¥p(dw) = M(jw)/E(jw)|, the pursuit display indicates
less low-frequency phase lag by the pilot than for
the compensatory display. For K/ s2 dynamics a pur-
suit display gives comparatively less low-frequency
amplitude ratio, a lower crossover frequency, and
more phase margin than C. In general, the describing
function measurements show a greater number of dif-
ferences between pursuit and compensatory behavior
than the performance scores.
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The use of a separate nondisplayed "disturbance" input,
uncorrelated with the primary "command"” input, permitted
the independent measurement and verification of compen-
satory action by the pilot in a pursuit displasy situa-
tion. Comparison of the pursuit-plus-disturbance (P +D)
describing function data with pure P and ¢ data shows
that:

a. Pilot pursuit behavior was little affected
by the disturbance input. Pilot comments
indicated the errors resulting from the -
disturbance were barely noticeable.

b. An error loop closure does exist during
pursuit situation, as postulated in Ref. 5.
However this closure has a somewhat lower
crossover frequency and greater phase margin
than for a purely compensatory display.

A comparison of previous and present closed-loop
describing functions for pursuit versus compensatory
tracking with K, K/s, or K/s2 dynamics revealed the
following trends:

a. Ye = K. The pursuit display gives lower
overall closed-loop phase lag and near-
unity amplitude ratio.

be Ye = K/s. The pursuit display gives
smaller phase lag abt low frequencies.

¢. Yo = K/s2. The pursuit display adds a
nearly constant increment to the phase
lag and results in significantly more
attenuation in the output relative to
the command.

The closed~loop describing functions clearly reveal
the consistent undershoot of the system output, m(t%,
relative to the command input, i(t), with P for K/s
dynamics, which account for an increase in the input-
correlated portion of the tracking error. The pilots
remarked during the experiment that they were using
this strategy to minimize overshooting. This effect
was also found in the data of Ref. 8.

The pilots' subjective evaluation of their performance,
their "effort," and attentional demands of the task
agreed roughly with relevant performsnce measurements.
However, although the total error scores were not
significantly different between P and C, three of

the four pilots preferred P.

43



Finally, we conclude that the equipment, measurement techniques,

pilots, and tie-in daba base are adequate to proceed with more advanced

experiments.

B. RECOMMENDATIONS

1.

The pursuit-plus-disturbance input measurement
scheme works and should be exploited further.
More frequencies and different levels should
be investigated in order to fill in the unknown
blocks of the command-disturbance matrix pre-
viously gilven in Table I, Section II of this
report.

Explanations should be socught for the observed
effects of display mode on pilot describing
functions, particularly the increase in amplitude
attenuation and phase lag for the closed-loop
pursuit response as controlled element order
increases. These effects may be due to the
pilot's attempt to predict the short term course
of the input; therefore, further research should
be devoted to a set of inputs with graded pre-
dictability.

Mathematical models, such as those of Elkind
(Ref. 4), McRuer (Ref. 8), and Eppler (Ref. 19)
should be refined and fitted to the combined data
from this study and the recommended experimental
work.

Experiments to resolve some of these questions are currently

under way.
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APPENDIX A
PERFORMANCE AND DYNAMIC RESPONSE MEASUREMENTS

Performance scores and dynamic response measurements were -calculated
on an analog complter during each tracking trisl. Logic was set up on
the computer to start data measurement 20 sec after the beginning of a

trial and end at 120 sec, thus giving a 100 sec measurement period.
PERFORMANCE MEASURES

The absolute value of the error signal was integrated over the 100 sec
measurement period to give a raw error score. The ratio of this raw error
score to the value of the absolute integrated input signal was used as

the error performance score:

100
— f le(t)|at
0

- - T ‘
&} f Oo{i(t)]dt
0

The average controller action score was obtained by properly scaling

the integrated absolute value of controller cutput:

—— 100
ol - [o le(t) | at (a-2)

DESCRIBING FUNCTION MEASURES

The tracking-loop forcing function was composed of the sum of nine

cosine waves:

i = 2,A; cos ot For i = 1, +eey 9 (A-3)
1 ,
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Also available were the individual unit smplitude waveforms
cos aﬁt and sin oyt

These signals allowed the real and imaginary parts of the error to unit
input (1) cospectrum (®4) to be calculated during the measurement period

using the relationships

?%o(w) = Re®} + iIm(®%,
100
5 = £
where Re(®fe) 4 ./; cos wyt ¢ e(t)as
(a-k)
100
and Im(®g), = j(; sin ayt * e(t)at

The Re(@%e 1 and Im(@%e 5 data at each of four measurement frequencies
were recorded at the end of each trial along with the raw performance

scores.

The error/input describing function was calculated off-line with the
aid of a G-15 digital computer. The Ai from Eg. A-1 were known, and the

gain and phase of E/I were compubted using the relationships

2
Re®(09e) , + Im2(<1>’i‘e)i

E
- = 10 1
l T ilaB ° 22/2
(a-5)
Tm(0%,) .
E - —~1 1874
4 (I)i tan ﬁg@%;?;

Given the error input describing function the equivalent open-loop

and closed-loop describing functions were calculated from the relationships
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-
=M _ (E) _ -
1 = M (I) 1 (a-6)
and M B
T = 1-F (A-T)

where Yg, E/I, and M/I are complex numbers.

The variability in the M/E calculations due to variability in E/I data
is illustrated in Fig. A-1. Representative data were used and the stan-
dard deviation of |E/I]_'1 and z((E/I)"'1 was derived from the analysis
of variance tables given in Appendix B. The magnitudes of (E/I)_1 and
M/E are comparable for each measurement frequency, which results in

comparable variability between the two measures.
CORREIATED ERRORS

The correlated mean square error is given by

9:2[ = ? (@ee)i
(A-8)
2
where ®ee = l%}l Qii

lE/I| was known at the four measurement frequencies, and approximated

at the remaining six input frequencies. At nonmeasurement input fre-
quencies E/I was calculated from lE/IIdB approximations obtained by linear
interpolation. The interpolation scheme is illustrated graphically in

Fig. A-2 for representative data. The peak of the lE/IIdB curve vas
assumed to occur at the 5.15 rad/sec input frequency, and it was also
assumed that !E/IIdB = 0 dB (ratio = 1.0) at the 13.13 rad/sec input
component. The assumptions for the shelf region should not seriously affect
the correlated error calculation as shown in the @y, plot in Fig. A-3,

since the shelf contribution to correlated mean square error is small.
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The total mean square error was calculated by assuming the error

signal was Gaussian, so that

2 - 2 Te0)] 2 (A-9)

where Ie(t)] was calculated on-line. The uncorrelated or remnant error

was obtained from the relation

ol
s

i

()

_ 2 -
eI (A-10)

The error components were normalized to the mean-square value of the

input, and the total, correlated and uncorrelated, normalized error com-

ponents obtained from the relations

— 1/2

( eg
e¥ = —
I 12
__ 1/2
( e%
e¥ =
3 —
i2
For some of the K/s controlled element runs the relative remnant

error eﬁ was quite small, and occasionally a negative estimate was

obtained for ;g, In these cases e% was set equal to zero, and the
correlated error component was assumed to be equal to the total

error (e} = e*).
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APPENDIX B
ANALYSIS OF VARIANCE

The performance scores and describing function measurements were
analyzed by analysis of variance (ANOV) procedures in order to assess
the statistical significance of mean differences in the averaged data.
The experiment was set up in a complete factorial design with three rep-
lications per condition. In the ANOV model pilots were considered a
random variable since they were arbitrarily selected. The other variables

were assumed to be fixed.

Separate ANOV were performed on each of the performance scores, e¥*,
e, e, and |c|. For the describing function measurements a separate
ANOV was performed on the magnitude and phase of (E/I) at each measure-
ment frequency. Separate ANOV were performed at each frequency because
each frequency measurement is independent of all others, and the varia-
bility of the data varied significantly between the measurement frequencies.
Both theory and experience has shown (e.g., see McRuer, et al., Ref. 17)
that the variability is high for low-frequency measurements and reaches a

minimum near crossover frequency for standard input spectra.
PERFORMANCE MEASURES ANOV

The ANOV results for the performance measures are given in Tables B-I
through B-IV. A summary of the significance levels is given in Table B-V.
The main results are that display mode had a significant effect only on
the uncorrelated (remnant-induced) error (Table B-IIT) and on controller
output (Table B-IV). Performance differences between pilots were highly
significant, and, as would be expected, the controlled element dynamics

had significant effect on performance also.

In the total error (e¥) ANOV all two-way interactions involving pilots
were highly significant. These effects are evident in the plot of total error
cell-means given in the text (Fig. 10). The pilot-by-controlled element and

pilot-by-display interactions for ef were also highly significant.
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TABLE B-V

PERFORMANCE MEASURES ANOV SUMMARY

SOURCE EFFECTS ON: L
OF e* eX ex el
VARTATION SIGNIFICANT AT TEVEL:
Session (8) — 0.05 — —
Pilot (P) 0.001 | 0.001 | 0.001 | 0.05
Yo (Y) 0.01 | 0.0 0.001 | 0.01
Display (D) — — 0.05 0.001
SP 0.001 — 0.01 -
SY — — — —
SD — —_ — —
PY 0.001 | 0.001 — —
PD 0.001 | 0.001 — —
YD — 0.05 — 0.001
SPY — — 0.05 —
SFD 0.01 — — —_
SYD — — — —
PYD 0.01 0.05 e 0.01
SPYD 0.01 0.01 — —

Definition of terms:

Not significant

0.05 = Probably significant
0.01 = Significant
0.001 = Very significant
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The display-by-controlled-element interaction (YD) in the TZT analysis
was highly significant, which is primarily due to the high control activity
associated with K/s2 dynamics and the compensatory display, as seen in
Fig. 10 of the text. Otherwise the TET interactions are small, reflecting

the peculiar constancy of lcl, as discussed in the text.
DESCRIBING FUNCTION ANOV

The ANOV results for the deseribing function measures are given in
Tables B-VI through B-XIII. The significance levels are summarized in
Table V-XIV.

Table B-VI shows that display mode had a significant effect on the E/I
phase angle near crossover, but not on the magnitude there. The vector
calculation illustrated in Fig. B-1 shows that the differences in (E/I)
phase data between compensatory and disturbance inputs result in a lower
open-loop amplitude ratio (lM/EIdB) for the disturbance input. This veri-
fies the assertion in the text that compensatory behavior during pursuit
display tracking shows a regression in crossover frequency over the open-

loop response achieved with a compensatory display.

The display format significantly affected low-frequency phase lag as
shown in Table B-XIV despite the large residual errors in the phase ANOV
(Tables B-X and B-XI). This substantiates the finding in the text that
the pursuit display lessens the low-frequency phase droop or "o-effect.”

eV (M)
E
(I )Disturbance I

(5) (&)

Compensatory Compensatory

(#)

K/s Dynamics ,w =5.15rad/sec K7 s* Dynamics , w =5./5rad/sec

Disturbance

(®)
E /Disturbance

Figure B-1. E/I —=M/E Vector Calculations
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TABLE B-XIV

DESCRIBING FUNCTION ANOV SUMMARY

EFFECTS ON:
SR e/l 4 B/I
VARIATTION|w= 0.5 w=1.2 w=3.2 w=5.15]w=0.5 w=1.2 w=3%.2 w=5.15
’ SIGNIFICANT AT LEVEL: SIGNIFICANT AT LEVEL:
Session | 0.01 — — —— —_ — — —
Pilot 0.05 0.001 0.001 — — 0.001 0.001 . 0.001
Yc 0.05 0.05 0.01 0.01 0.05 -— —_ 0.05
Display | 0.001 0.05 — — 0.001 0.001 — 0.01
SP — 0.01 0.01 —_ — 0.001 0 .00t 0.05
SY 0.05 — -_— e —_ — —_ —_
SD — — —_— — — — — —
PY — — 0.001  0.01 — — 0.001  0.001
PD — 0.05  0.001  0.001 — — 0.001  0.001
YD 0.01 0.001 — —_— 0.01 0.001 0.001 0.01
SPY — -— 0.05 — —_— — 0.001 0.05
SPD —_— 0.05 — 0.05 — — 0.001 ——
SYD 0.05 — —_ 0.05 0.01 — —_— —_—
PYD — — — — — 0.05  0.001 0.5
SPYD — 0.01 — _— —_— — 0.01 0.01

Definition of terms:

Not significant

0.05 = Probably significant
0.01 = Pignificant
0.001 = Very significant
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APPENDIX C
INDIVIDUAL PILOT DESCRIBING FUNCTIONS

The E/I and M/E describing functions of each pilot for each controlled
element with compensatory and pursuit display modes are illustrated in
Figs. C-1 through C-4. It is noted from the individual describing func-
tions that the pursuit display leads to less error response (]E/Il) varia-
bility among the subjects. This effect is sbatistically significant, as
shown in Appendix B, Table B-XLV, where the pilot/display (PD) interaction

was significant for IE/I| at the three highest measurement frequencies.

In general, the form of the four pilots' describing functions was
quite consistent. This lends some validity to the mean describing func-

tions obtained by averaging over pilots.
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